Our simple dynamic-simulation model shows that the global supply of Rare Earth Elements is limited for meeting the future demands of new technologies. Unless improved recycling policies are adapted strategic elements may become scarce in the next half-century as a result of a "peak Rare Earths Elements" phenomenon. The model results also show that the market alone cannot solve the resource-inefficiency problem because the market's instant and opportunistic nature impedes the long-term planning that is needed. Market mechanisms will only function if governments discourage wasteful practices by requiring recycling and long-term planning as conditions for the industry before the resource becomes too scarce. We conclude that technologies and industrial capacity for effectively recycling Rare Earth Elements will be in demand, and that effective recycling policy should be put in place soon to make the supply sustainable over the long-term.
Introduction and Background
The prospect of running out of oil and coal (Aleklett, 2003; Hirsch et al., 2005; Hubbert, 1982; Ragnarsdottir et al., 2011a; Sverdrup & Ragnarsdottir, 2011) has become a reality with no easy escape, which has put a sharp focus on the resources necessary for developing new ways of generating, transforming and using energy. We live in a time of significant and recent change (Ragnarsdottir et al., 2011a) . Never has the earth had as many people living as now and never has the extraction and use of resources been greater (Beder, 2000; Costanza & Daly, 1992; Daily & Ehrlich, 1992; Evans, 1998; Gordon et al., 2006; Meadows et al., 1972; . Globalization has brought possibility for wealth, health and education to largest-ever number of people, who are also participating in the resultant rise in consumption (Meadows et al., 1972; Turner 2008) . As humans now are slowly outstripping the supply capacities of the planet, tough challenges may lie ahead in front of us (Diamond, 2005; Meadows et al., 1972; . Sustainability plans are being made for many resources, which will become a necessary action in a crowded world (Bossel, 1998; Daily et al., 1994; Evans, 1998; Forrester, 1971; Green et al., 2003; Hirsch et al., 2005; Humphreys, 2003; Meadows et al., 1972; Ragnarsdottir et al., 2011b; Robert, 2000; Sachs, 2008; Sverdrup & Rosen, 1998; Sverdrup et al., 2006; Zittel & Schindler, 2007) . Rare Earth Elements (REEs) are one resource group that play a key role in the transition to a new technological paradigm for the next century. The complete group of 17 REEs comprises the three elements Sc, Y and La, as well as the Lanthanide Elements, which are the 14 elements following La in the periodic table of the elements: Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu (Enghag, 2004; IUPAC Recommendations 2005) . Of the 17 REEs only one, Pm, is of little interest to industry since it has radioactive isotopes. Despite the name, REEs are not particularly rare in the earth's crust. Their combined crystal abundance is on the order 200 ppm (Roskill Information service, 2007) . Except for Pm, their individual abundance ranges from 0.5 ppm for the least abundant, Tm, to 66 ppm for the most abundant, Ce. The principal sources of the REEs are the minerals bastnäsite (LnFCO 3 ), monazite (Ln, Th) PO 4 (richer in lighter lanthanides), xenotime (Y, Ln) PO 4 (richer in the heavier lanthanides), loparite and the lateritic ion-adsorption clays (Cotton, 2006) . The world's reserves of REEs are estimated to exceed 110 million tons (Emsley, 2003) . However, the REEs are markedly dispersed in the planet's crust and, of the known 160 REE minerals, most are evenly distributed and thus unfeasible for extraction (Enghag, 2004) . Initially, the main deposits were mined in India and Brazil but South Africa also began production in the 1950s, after the discovery of deposits of the mineral monazite there. From the mid-1980s, China starting growing into a position of dominance in the production of the REEs and, today, the country has a near monopoly of that market (Enghag, 2004; Roskill Information service, 2007) .
The unique properties of REEs make them indispensable components of a wide range of emerging technologies and are of immense importance to technology for alternative-energy production. Hybrid cars, large wind turbines, catalytic converters, miniaturized electrical motors, compact magnets, rechargeable batteries, mobile phones, plasma televisions, super alloys used in defence industry, missiles and computer monitors are all dependent on the unique properties provided by the REEs. Interesting research is taking place in the area of catalysts for the chemical industry and a breakthrough here would signal a large new market with increased demand for these metals. Annual growth in demand for REEs from the technology industry is estimated to be somewhere between 8-11% (Roskill Information service, 2007) . This means that the global supply of these materials is becoming as important as that of other commodities like oil, steel and coal.
Scope and Objective
In an earlier study, we investigated resource burn-off rates (time to scarcity) for phosphorous (Ragnarsdottir et al., 2011a; Sverdrup & Ragnarsdottir, 2011) . Burn-off rates are a simplistic approach indicating whether resources are being burned-off too quickly. In this study, we analyse the world's resource system for REEs and focus on the long-term sustainability and availability of these elements under different scenarios. Our aim is to understand sustainability constraints in order to help decision-making and future-planning in terms of the industry's ability to supply the market and the time horizons leading to scarcity. We address the following research questions: 1) How long will the world's REEs supply last under the present rate of use?
2) Is there any risk of "running out" of REEs for industry?
3) How much can supply be extended by enhanced recycling of all kinds?
This study adopts a long-term perspective, which envisions resource management that can bridge a civilization cycle of 5,000 years. We use 'short-term' to mean the next five to 30 years and 'long-term' to mean 30 to 300 years or many generations forward.
Theory and Methods
Systems analysis looks at complex setups by creating conceptual model structures with the help of Casual Loop Diagrams (CLD). CLDs make clear the cause-and-effect relationships and feedbacks between different components in a system. System dynamics is a methodology used to understand the behaviour of complex systems over time. It deals with internal feedback loops and time delays that affect the behaviour of the entire system. With the help of system dynamics, the conceptual model structures are transferred into dynamic numerical models, which can then be used as decision support tools by enabling the user to generate different scenarios and analyse the associated simulation results. Systems analysis and system dynamics provide a deep insight in identifying interdependencies and feedback processes of dynamic stocks and flows of materials, population dynamics and recycling-rates (Ragnarsdottir et al., 2011b) .
The methods used here are systems analysis using a flow chart (Figure 1 ) and the corresponding casual loop diagram (Figure 2 ) according to (Haraldsson & Sverdrup, 2004; Haraldsson et al., 2007) . The system is based on two REE stocks, namely "known" and "hidden" reserves. The CLD shows the casual chain upon which the model was designed. Hidden reserves are never replenished, as they are finite. The known reserves may be replenished from hidden reserves through prospecting. Following the evaluation of the known reserves, accessible and inaccessible amounts for mining are determined. At present, the majority of the supply is from mining because recycling capacity is still limited. But, once the accessible reserves are exhausted, supply has to come from recycling alone. Prospecting, mining and recycling are all driven by market prices for REEs. New technological developments using REEs triggers increased demand and higher market prices, while more supply lowers prices and makes the increased use of new products possible. As industrial use takes off, waste generation and, in turn, recycling will increase. This market process for demand is described by the built CLD, which is then used as a conceptual map to develop a simulation model by applying the system-dynamics modelling software called STELLA. This model serves as a decision-support tool to assess alternative future scenarios for the long-term supply of REEs. 
The STELLA Model
We use outputs from dynamic simulations as the basis for our conclusions. The model (Figure 3 ) in the STELLA modelling environment was composed according to the flow chart in Figure 1 and the causal loop diagram in Figure 2 . It describes the causal loops active in the system, showing several important feedback loops therein. We have two supply lines from which to mine, high-grade reserves and low-grade reserves, both divided into hidden reserves and known reserves. The low-grade mines are only worked when the REEs price is high. Further, we have the amount in the trading market as a stock. The recycling is also a stock because of the delay in processing it, whereas annual consumption and the annual waste stream are both done as fluxes. The system was set to run with a 2-step Runge-Kutta method, using a fixed numerical time-step of 0.1 years. We initially made printouts for every iteration step. The printouts, shown in Figure 5 -7, have been taken directly from the STELLA system.
Parameterization and Different Scenarios
Dynamic models are developed and then used to estimate time to scarcity with and without recycling for different alternative scenarios. We define the time to scarcity as the time for the known reserve of high-grade and low-grade supply to have decreased to 10% of the original amount. The model was parameterized using data (Table 1 -2) adopted from the following sources: Energy curves from the International Atomic Energy Agency (IAEA) www.iaea.organd the World Energy Outlook www.worldenergyoutlook.org homepage. Population estimates come from UN Population division homepage www.esa.un.org/wpp/ and Ragnarsdottir et al. (2011a) . Data on known and estimated hidden reserves, as well as extraction rate, comes from USGS and Roskill information service Ltd reports. b UN projection is that the world population will stabilize at around 10 billion in the year 2200. As apparent from Table 1 , demand is driven by the desire to remain at the 2010 energy supply level. When a deficit arises, more REEs go to alternative energy production. The increasing deficit after 2020 was used to set the shape of the demand curve. As they are predictions about the future, the demand projection is very approximate. Besides, we make some assumptions concerning the model. We do not divide up the REEs on individual elements, but model them in one lump parameter. Consumption increases demand for REEs, which in turn raises price. We have assumed recycling to be price sensitive and once REEs becomes scarce and expensive, recycling increases as shown in Figure 4A . We have also assumed the global population to remain at rather high levels, such as it is today, for the next millennium. The UN projects that the world population will stabilize at around 10 billion in the year 2200, although a more recent projection suggests a decline in population. This alternative scenario will be addressed in our future work.
We may consider the Equations 1-3 expressing the relationship between consumption, consumers, consumption per person and the time to exhaustion of the resource.Increasing consumption and population are obviously the two major factors for an increase in demand for REEs. Increasing demand will increase mining rate, thereby hasten time to scarcity.As part of a sustainable production policy, recycling represents a way to increase REEs in the societal material cycle (market) without depleting resources, thereby decreasing mining rate and increasing time to scarcity (burn-off time).
Total consumption = Consumption per individual/year * number of individuals consuming [t/yr]
Time to scarcity (without recycling) = Reserve/mining rate [year]
Burn-off time (with recycling) = Reserve/mining rate
Where: R is the recycling rate ton/year, 0.75 x10 6 ton/year and 1.5 x 10 6 ton/year. Price dynamics were scaled from precious metal price-supply relationships (Sverdrup et al., 2012a & b; Gordon et al., 2006) . Note that the relationships are non-linear leading to a non-linear type of model output.
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Results
The results comprise back-of-the-envelope type of calculations as well as outputs from the integrated systems dynamic model developed for this study, and to be later included in the WORLD model structure (Ragnarsdottir et al., 2011b; Sverdrup et al., 2012a) . We ran through several scenarios with the dynamic model for demand intensities. The different demand supply issues were dealt with by static equations. The model output results have been presented in a number of diagrams as shown in Figures 5-7 . Figure 5 shows the basic consumption-scenario dynamic model run (see Table 2 ). The upper panel shows REEs' price (arbitrary units), consumption and recycled amount, as well as net waste stream (in 10 6 tons/year). The basic consumption run envisions that recycling is only price driven as specified in Figure 4D . The middle panel shows the mining-rates, the total supply-rate and the amount in the market. The bottom panel shows the REEs stocks, hidden and known, over time. The model outputs suggest that by 3100 AD all REEs resources will be exhausted in the basic consumption calculations. The model output results show classical "peak" behaviour (Hubbert, 1982) ; the great scare of all Keynesian economists just like it has been shown for oil. The "peak" oil phenomenon has actually well proven beyond any reasonable doubt, and confirmed by most large oil company geologists (Aleklett, 2003; Hirsch et al., 2005; Hubbert, 1982; Ragnarsdottir et al., 2011a; Strahan, 2007; . Peak behaviour implies that the production of a non-renewable resource follows systematically a bell-shaped curve; this is also called the Hubbert curve after K. Hubbert a petroleum geologist at the Shell Oil Corporation. Hubbert discovered the peak phenomenon in the oil industry, and could actually verify the validity on hard field data from oil, uranium and phosphorus extraction. It can also be explained in terms of causal chains and feedbacks and thus is both logical and proven principle (Ragnarsdottir et al., 2011b; Sverdrup et al., 2012a) . The profitability of extracting REEs from the low grade reserves will be very sensitive to energy prices in the future, as large amounts of rock must be moved and mechanically processed. Without some form of cost-effective energy, these reserves will probably be largely unavailable. The model predictions show that the peak production year for the base consumption scenario is in the time around 2070-2080. Studies show that after 2100, fossil fuels will be scarce and expensive (Aleklett, 2003; Hirsch et al., 2005; Hubbert, 1982; Sverdrup et al., 2012b) . The implication of this will be that low-grade reserves may become to a significant fraction unavailable for extraction. Figure 6 shows the high consumption estimate scenario for the period from 1950 to 2400 AD. The upper diagram shows the REEs price (arbitrary unit), consumption and recycling rates, as well as the amount of REEs in the market, all in million tons per annum. The middle panel shows mining-rates and market-flux in million tons of REEs per annum. The lower panel shows the development of the resource stocks. The simulations show that the peak production year is about 2250 AD. By 2600 AD (out of shown range), the mineable stocks will be almost empty, and the single source will be from recycling of waste. It can be seen that the effect of increased recycling is to keep the market supplied and the price within reasonable ranges. From the middle panel is it evident that recycling decreases the mining-rates, making the resources available to last longer. The point of exhaustion has now been delayed with approximately 150 years. Figure 7 shows the low consumption scenario for the time from 1950 to 2400 AD.The upper panel shows the REEs price (arbitrary unit), consumption and recycling rates, as well as the amount of REEs in the market, all in million tons per annum. The middle diagram shows mining-rates and market-flux in million tons of REEs per annum. The lower panel shows the development of the resource stocks. Maximum production is reached in 2070, but it will remain there for the next centuries, thanks to recycling. The decline is from then on dependent on how efficient the recovery can be made. By the year 5400 AD (outputs are not shown), the mineable stocks in the ground will be almost empty, and the single source will be recycling of waste.
Basic Dynamic Model Runs

Recycling Scenario Based on Dynamic Run for High and Low Consumption Scenarios
www.ccsenet.org/enrr Environment and Natural Resources Research Vol. 3, No. 1; Basic consumption scenario curves . By the year 5400 AD (outputs are not shown), the mineable stocks will be almost empty and the single source of REE material will be from recycling waste www.ccsenet.org/enrr Environment and Natural Resources Research Vol. 3, No. 1; Table 3 shows some of our burn-off time estimates for different reserve estimates and market consumption-rates. It shows that for a low reserve estimate, there is a real risk of running into REEs scarcity, implying that they will get expensive. By a simple rearrangement of a mass balance for supply and loss, we get the equations used for creating Table 4 . The improvement that can be obtained with recycling is expressed through the Equations 4-6:
Recycling Scenarios Based on Steady State Mass Balance Calculations
Market availability (supply rate) = Primary production rate
This may be rearranged to the inverse, for back-engineering purposes:
Primary production (loss rate) = Market availability
This may be rearranged into an equation estimating the required recovery-rate from waste if a certain supply rate in the market is to be achieved: RR = (market availability-primary production)/ (market availability + primary production)
Where: R is the recycling-rate and RR is the required recovery-rate in relationship to a certain basic supply and market consumption level.
From the dynamic modelling, we estimate the depletion time for the resource to be in the order of 400 years for the basic run. This is consistent with results from the literature (Ragnarsdottir et al., 2011b; Sverdrup et al., 2012a) . Present recycling of REEs is estimated to be about 10% at the moment. We used this information to estimate the effect of different recycling rates on the ability to serve the market from a dwindling source as presented in Table 4 . It is evident that recycling will be very important for the long-term sustainability of REEs used for industrial purposes. Table 4 also assumes the population remains at the samelevel as the present. How long the resource will last, depend on the recycling and the market demand. a Recycling rates applied on primary production.
b Market availability assuming constant supply from the primary source, but changing recycling.
c Required primary supply to keep market availability at 0.167 x 10 6 ton/year with changing degree of recycling.
d The increased lifetime of the primary supply, assuming constant consumption and changing recycling-rate. 
Reflections
The REEs may be abundant on earth, but the present global consumption pattern and population size is capable of outrunning almost any capacity of resource production. Thus it is apparent that the REEs reserves will not last forever. Recycling seems to be a very important part of any sustainability plan. If other assumptions are made for global population, resulting in significant lower population levels after the next 500-700 years (2-3 billion), then the picture looks very different. With strongly price-related recycling, the reserves of REEs would probably last about 5,500 years according to the outputs from the dynamic model. An assessment of what it would take in terms of mandatory recycling to make the resource last 2,000 years under different consumption scenarios is shown in Table 5 . a Supply of REEs to the market in million ton per year.
b The required overall recycling rates.
c The required average efficiency in an industrial recovery process.
We are assuming the total resource to be exploitable to 100% of the high-grade and 30% of the low-grade, we have a total resource of 230 mill ton of REEs. A primary extraction of 115,000 tons/yr will be available under these assumptions. Recycling processes involve several steps when done industrially, each demanding a good efficiency. We have assumed to consider a 3-step recovery process for the REEs based on our professional experience from the recovery industry. Single step efficiencies above 95% demand expensive operations and represent a major technical challenge. Precious metals operate on the overall efficiency rate of 95-98% in the recovery process. That kind of recovery-rate requires significant energy expenditure and will still be a huge technical challenge. This is corroborated by the simple back-of-the-envelope calculations shown in Table 3 and 4, estimating a lifetime of the resource into thousands of years once the recycling-rate reaches levels of 60% or better.
One reflection on the system is shown in Figure 8 , where we have incorporated some possible policy interventions (marked in red) into the REE market system that we previously presented in Figure 2 . Many policy options are available in order to use less REEs to do more services. Interventions can be made to create more efficient alternative technologies, stimulate more recycling, make waste disposal with recycling more attractive, interventions on price and interventions on the extractions-rates. Market mechanisms alone are, quite evidently, not capable of regulating the market towards more efficient use before it appears to be too late. Thus leaving the management of sustainable use to free market forces will be inadequate, as the triggering price-increase will only happen when a majority of the resource has been consumed and probably irretrievably squandered. This is because market mechanisms only measure the availability in the instant (based on market-price) without any significant foresight and no long-term strategic planning. The market has no memory and no capacity for long-term planning: this must rather be the responsibility of state governance agents through policy and legislation. For a limited resource with limited substitutability, this is far from good enough, especially if we stake our future with new technologies on it (Ragnarsdottir et al., 2011b; Sverdrup et al., 2012b) . Thus market mechanisms must always be combined with regulations and governance based on back-casting from goals (Robert, 2000) and future analysis of scenarios, in order to instigate sustainable recycling practices long before scarcity is at all an issue. This necessitates a change of the present public use-and-throw paradigm, as well as the political paradigm, where planning a century ahead will be a major part of a long-term survival strategy for the www.ccsenet.org/enrr Environment and Natural Resources Research Vol. 3, No. 1; state. For this kind of strategically important resources, a precautionary policy will be necessary to preserve availability for future generations. This will imply arranging for a high degree of recycling, before market mechanisms are able to force it through standard price dynamics. Figure 8 . The REE market mechanisms and potential policy interventions drawn in red to qualitatively increase long term supply capabilities. One important tool is efforts to enhance recycling and recovery from waste
Conclusions
We may conclude that the Earth's resources of REEs will not last forever, hardly a controversial statement. The time horizon of 2000 years seems very long in a political perspective, but a bit short in terms of a historical perspective. In our assumptions, we have supposed a high global population (the baseline IIASA scenario) and thus the pressure on consumption will be large in the time to come. For the short-term (5-30 years), the global reserves of REEs seem to be sufficient for the immediate needs of the market. For the long-term (30-300 years), there will be an issue with long-term sustainability; leading to the conclusion that this can be prevented by policies that result in increased recycling from waste. There is some uncertainty in the reserve estimates, and whereas the situation is unsustainable in the short run of a small reserve estimate is true, there will be less urgency for achieving sustainable use under a high reserve estimate scenario. (0.00, 0.00), (100, 0.00), (200, 0.005), (300, 0.12), (400, 0.315), (500, 0.605), (600, 0.93), (700, 1.00), (800, 1.00), (900, 1.00), (1000, 1.00) Total_supply = High_Grade_Mining+Low_Grade_Mining TurnOn = GRAPH(Price) (0.00, 0.00), (100, 0.00), (200, 0.00), (300, 0.00), (400, 0.04), (500, 0.295), (600, 0.7), (700, 0.925), (800, 1.00), (900, 1.00), (1000, 1.00)
